In eukaryotes, increased protein folding demand at the endoplasmic reticulum (ER) activates the unfolded protein response (UPR) [1] , which plays a pivotal role in control of cellular functions and survival under ER stress [2] . Chronic ER stress is thought to contribute to the pathogenic progression of diabetes [3, 4] . Inositol-requiring enzyme 1 (IRE1), an ER-resident transmembrane Ser/Thr protein kinase and endoribonuclease, is the most conserved ER stress sensor that mediates a key branch of the UPR [1] . In mammals, activation of IRE1α results in non-conventional splicing of the mRNA encoding the transcription factor X-box binding protein 1 (XBP1), generating a spliced active form of XBP1 (XBP1s) to initiate a major UPR program [1] . The IRE1-XBP1 pathway has been implicated in the homeostatic regulation of pancreatic islet β-cells. Whereas glucose-stimulated IRE1α activation is coupled to insulin production [5] [6] [7] , IRE1α also degrades insulin mRNAs under severe ER stress conditions [8] . Interestingly, genetic deletion of XBP1 in β-cells of mice was reported to result in a feedback hyperactivation of IRE1α, causing defective proinsulin processing and insulin secretion [9] . However, the precise role in vivo of IRE1α in integrating metabolic ER stress signals to regulate β-cell functions remains largely elusive.
To investigate the metabolic actions of IRE1α in β-cells, we generated mice (denoted Ire1α f/f :Cre) with specific Ire1α deletion in β-cells by intercrossing Ire1α f/f mice [10] with RIP-Cre transgenic mice (denoted Cre) that express Cre recombinase under the control of the rat insulin II promoter. Because no significant differences were observed in body weight and fed blood glucose levels between wild-type and Cre littermates (Supplementary information, Figure S1A) Figure S1B ). This indicates the presence of IRE1α protein in other islet cells than β-cells, as well as deletion of Ire1α in RIP-Cre neurons within the hypothalamus. When maintained on a normal chow (NC) diet, fasted male Ire1α f/f :Cre animals exhibited significantly elevated glucose levels and decreased serum insulin levels relative to control mice ( Figure 1A ), despite similar body weight and daily food intake (Supplementary information, Figure S1C ). Glucose and insulin tolerance tests revealed impaired glucose clearance ( Figure 1B Figure S1E and S1F). These data implied a more predominant metabolic role for IRE1α in β-cells rather than in hypothalamus under these experimental conditions. We then examined the islet morphology from pancreatic sections of Ire1α :Cre islets had significantly decreased insulin content (by ~35%; Supplementary information, Figure S1J ) and reduced capacity for glucose-stimulated insulin secretion (by ~36%; Supplementary information, Figure S1K ). As the islets of NC-fed Ire1α f/f :Cre mice showed significantly reduced Xbp1 mRNA splicing, we wondered whether this is coupled to the expression of cyclins D1, D2 and A1, the critical cell cycle regulators either implicated in β-cell proliferation/expansion [11, 12] or regulated by npg XBP1 in prostate cancer cell lines [13] . Notably, we only detected a marginal decrease in the mRNA abundance of Ccnd1 (Supplementary information, Figure S1L ). These data suggest that ablation of Ire1α in β-cells caused impairment of insulin production, resulting in hyperglycemia, hypoinsulinemia and glucose intolerance. This supports a in vivo role for IRE1α in modulating insulin biosynthesis, consistent with findings in cultured β-cell lines [6, 7] . In the absence of overt ER stress in NC-fed mice, IRE1α deficiency does not affect islet growth or survival, in accordance with a reported conditional Ire1α knockout mouse model [5] . Notably, NC-fed Ire1α f/f :Cre mice did not exhibit disruption of pancreatic structure or dramatically decreased islet areas as XBP1-deficient mice [9] . These differences may be attributable to the unknown actions of unspliced XBP1 protein; alternatively, XBP1 deficiency-induced hyperactivation of IRE1α may exert deleterious effects on islet architecture maintenance without XBP1 to restore ER homeostasis.
Obesity and insulin resistance can elicit compensatory responses in β-cells, including augmented insulin biosynthesis and β-cell proliferation. When challenged with a high-fat diet (HFD), mice developed obesity and glucose intolerance (Supplementary information, Figure S1M ). Their pancreatic islets exhibited significantly increased Xbp1 mRNA splicing, upregulated expression of ER stress-related genes and cell cycle regulators (Supplementary information, Figure S1N :Cre mice had significantly elevated fasting glucose levels and reduced serum insulin levels ( Figure 1C) , and showed impaired glucose tolerance ( Figure 1D ) with unaltered insulin sensitivity (Supplementary information, Figure S1Q ). Whereas analyses of pancreatic sections showed no apparent changes in islet morphology, insulin-producing β-cells or Glut2 protein localization ( Figure 1E ), quantitative morphometric assessments revealed greater reductions in the number of larger islets ( Figure 1F ), marked decreases in islet mass ( Figure 1G ) and total islet density (Supplementary information, Figure S1R ), but insignificant changes in β-cell sizes (Supplementary information, Figure S1R :Cre mice showed a marked reduction in Ki67-positive cells out of insulin-producing β-cells ( Figure 1H ). Thus, IRE1α is likely to sense HFD-induced metabolic stress to promote the compensatory proliferation of β-cells.
We then investigated whether IRE1α exerted its proliferative effect through an XBP1-dependent mechanism under HFD-induced ER stress. Interestingly, HFD-fed Ire1α f/f :Cre islets showed a ~50% reduction in Xbp1 mRNA splicing with considerably increased expression of Bip and Chop, which paralleled decreased expression :Cre mice were maintained on a normal chow (NC) diet (n = 5-6 per genotype). Blood glucose and serum insulin levels were measured after a 6-hours fast in mice at 6 and 9 weeks of age, respectively (A). Glucose tolerance tests. Blood glucose was determined for mice at 10 weeks of age at the indicated time points after i.p. injection of 1 g/kg glucose (B). Results are presented as means ± SEM. *P < 0.05, **P < 0.01 by one-way ANOVA. (C, D) Male mice of the indicated genotype at 12 weeks of age (n = 5-6 per genotype) were challenged with a high-fat diet (HFD) for 8 or 10 weeks. Blood glucose and serum insulin levels after a 6-hours fast (C). Glucose tolerance tests (D). Results are shown as means ± SEM. *P < 0.05 by one-way ANOVA. (E-H) Male Cre and Ire1α f/f :Cre mice were fed HFD for 10 weeks (n = 4 per genotype). Representative images of hematoxylin and eosin (HE) staining (the scale bar, 200 μm) and immunohistochemical staining of pancreatic sections using antibodies against insulin (red), glucagon (green) and Glut2 (green). Nuclei were visualized by DAPI staining (E). Distribution of islets of various sizes, shown as the average number of islets per 1 × 10 7 μm 2 of pancreas area (F). Islet areas shown as the percentage of total pancreas areas examined (G). β-cell proliferation was estimated by quantification of Ki67-positive β-cells in pancreas. Shown are percentage ratios of insulin and Ki67 doublepositive cells to insulin-positive cells (H). Data are presented as means ± SEM (10 sections per mouse, n = 3 mice). *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired two-tailed Student's t-test. (I) Primary islets were pooled from male mice fed HFD for 10 weeks. Quantitative RT-PCR analyses of Xbp1 mRNA splicing, shown as spliced (s) relative to total (t), and the mRNA abundance of genes encoding ERdj4, BiP and CHOP, as well as cyclin D1/D2/A1 and CDK4. 18S ribosomal RNA was used as the internal control. Results are shown as means ± SEM (n = 2 independent experiments, each using islets pooled from three mice). of Ccnd1, Ccnd2 and Ccna1 ( Figure 1I) . Curiously, adenoviral overexpression of XBP1s in Ire1α f/f :Cre islets and INS-1 β-cells increased the expression of Ccnd1 but not Ccnd2, Ccna1 or Cdk4 ( Figure 1J and Supplementary information, Figure S1S ), suggesting that Ccnd1 is an XBP1s-regulated gene as documented in hepatoma cells [14] . Similarly, adenovirus-directed shRNA knockdown of IRE1α in INS-1 cells significantly decreased the expression of Ccnd1, and simultaneously restored expression of XBP1s rescued this suppressive effect of IRE1α knockdown (Supplementary information, Figure S1T) . Additionally, analyses of the Ccnd1 promoter identified a conserved putative UPR element containing the "ACGT" core sequence ( Figure 1K ), a potential XBP1s-binding site [15] . Co-transfection and reporter assays showed that XBP1s transactivation of the Ccnd1 promoter required this "ACGT" core sequence ( Figure 1K ). Consistently, XBP1s-expressing INS-1 cells showed specifically increased protein expression of cyclin D1 (Supplementary information, Figure S1U ), and significantly augmented numbers of proliferative Ki67-positive cells (by ~80%; Figure 1L and Supplementary information, S1V) or BrdUincorporating cells (Supplementary information, Figure  S1V ). These results indicate that IRE1α can promote β-cell proliferation through, at least in part, XBP1s upregulation of cyclin D1, which is known to drive cells from the G1 into the S-phase of the cell cycle [11] . This links IRE1α to the cell cycle checkpoint control, which may represent a general mechanism for the UPR regulation of cellular proliferation in other cell types. It is currently unclear how the proliferative action of XBP1s is dynamically regulated, as prolonged overproduction of XBP1s was shown to be detrimental to β-cell functions [16] .
Together, our findings revealed multiple actions by IRE1α in regulation of β-cell functions: not only is IRE1α involved in insulin biosynthesis, but also linked to the cell cycle machinery when coping with metabolic ER stress, thereby promoting the compensatory proliferation of β-cells in the face of obesity and insulin resistance. Under insulin resistance states, loss of the ability of β-cells to undergo compensatory proliferation/expansion exacerbates the derangement of glucose homeostasis. It remains to be further dissected in vivo whether IRE1α deficiency can also cause impairment of the secretory machinery of β-cells, or whether chronic, excessive ER stress can disrupt the IRE1α-XBP1s-cyclin D1 axis to hinder islet expansion, ultimately leading to β-cell loss and failure. A better understanding of the molecular components that connect the UPR signaling to the proliferative control of β-cells can shed light upon new avenues for the therapeutic treatment of type 2 diabetes.
